Abstract-The mechanism by which cells organize into tissues is fundamental to developmental biology and tissue engineering. Likewise, the disruption of cellular order within tissues is a hallmark of many diseases including cancer and atherosclerosis. Tissue formation is regulated, in part, by a balance between cell-cell cohesion and cell-extracellular matrix (ECM) adhesion. Here, experiments and approaches to alter this balance are discussed, and the nature of this balance in the formation of microvasculature is explored. Using matrices of tailored stiffness and matrix presentation, the role of the mechanical properties and ligand density in angiogenesis has been investigated. Decreasing cell-matrix adhesion by either reducing matrix stiffness or matrix ligand density induces the self-assembly of endothelial cells into network-like structures. These structures are stabilized by the polymerization of the extracellular matrix protein fibronectin. When fibronectin polymerization is inhibited, network formation does not occur. Interestingly, this interplay between substrate mechanics, ECM assembly, and tissue self-assembly is not limited to endothelial cells and has been observed in other cell types as well. These results suggest novel approaches to foster stable cell-cell adhesion and engineer tissues.
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ENGINEERING THE CELL-BIOMATERIAL INTERFACE
Much of the biomedical engineering community is focused on the important problem of developing methods, tools, and/or materials to recreate or repair various components of the human body. Recreating or rebuilding even the simplest structures requires knowledge of the structure's composition, and recreating tissues and organs within the body are no exception. The human body can be thought of as a hierarchy of biological structures, scaling from cells to tissues to organs to the human body (Fig. 1 ). There are approximately 10 13 cells in the human body and approximately 200 different cell types (erythrocyte, hepatocyte, osteoblasts, etc.). Each one of these cell types resides in a specific ECM. The ECM is most often defined by the fibrous proteins that it contains. However, it also describes the various soluble molecules, including growth factors, present in the extracellular milieu surrounding cells. The individual components of the extracellular matrix are tissuespecific, and the precise interactions of cells with their ECM are the basis for tissue formation. At the apex of this pyramid (Fig. 1) , tissues organize to form organs. The goal of tissue engineering is to produce a functional tissue, and this goal is rooted in the ability to understand and control the interaction of cells with their extracellular matrix and how these interactions affect the formation and maintenance of tissues.
Within the biomedical engineering community, much attention has been paid to design principles to guide cell behavior and tissue formation. 31 From an engineering perspective, there are three primary tunable parameters in developing cell-instructive scaffolds: chemistry, topography, and mechanics (Fig. 2) .
The chemical environment encountered by cells is perhaps the most studied of the three parameters. This includes the specific composition of the extracellular matrix (both its type and its concentration/density) and the presentation of the extracellular matrix (whether it is soluble, insoluble, uniformly presented, or presented in gradients). The concentration of ECM proteins can alter fundamental behaviors including cell adhesion, 26, 27 proliferation, 1 and cell migration. 25 The concentration and presentation of various growth factors are critical regulators of cell growth, motility, and cell-cell adhesion. Because of their roles in regulating fundamental cell behaviors that are central to tissue engineering, historically much attention has been focused on the specific extracellular matrix proteins and growth factors prescribed to cells when engineering the interface between cells and biomaterials. A second major factor often considered in the engineered design of an instructive cell-material interface is the structure and topography of a given material. The advent of micro and nanofabrication tools and their transition into the world of cell biology has enabled the recreation of ECM-like features into cell culture platforms. There is now significant evidence to show that ridges, grooves, pores, and curvature can all affect basic properties of cell adhesion and migration, 37 pointing to an important role for the incorporation of topographical cues in engineering cell-instructive tissue scaffolds.
A third design parameter considered when engineering the interface between a cell and its substrate is the mechanical properties of the material. For centuries, tissue and organ replacements have been designed to be structurally sound and to withstand physiological loads. However, in the past decade, there has been an important recognition that the mechanical properties of a material, in addition to being important at the macroscale, also play a role at the microscale. 23 Recent evidence from our lab and others indicates that material stiffness can influence cell-cell adhesion, 15, 28 cellsubstrate adhesion, 5, 6, 25 cell differentiation, 11, 21 and even the progression of disease. 22, 34 Therefore, while materials need to be designed to support physiological loads at the macroscale, they must also be tuned to support healthy cell phenotypes.
ENGINEERING MODELS OF DISEASE
Historically, biomaterials research has been focused on the development of materials and structures for use in the replacement of native organs and tissues for human body repair. 2 However, in more recent years, there has been heightened interest in the development of biomaterials and in vitro constructs that mimic the disease state.
14 The potential impact of these materials lies in their ability to enable research that investigates factors that contribute to cell dysfunction during disease progression. Compared to animal models, tissueengineered constructs are easier to manipulate and control. Compared to more conventional polystyrene cell culture dishes, tissue engineering constructs can be tailored with specific chemistries, topographies, and mechanical properties. Scaffolds can be designed to support 3D cell adhesion, present growth factors in specific orientations or gradients, and re-create the mechanical environment to mimic changes that occur during disease progression. To date, tissue engineering and biomaterial research has shown significant promise for use in the study of disease mechanisms. Tailored biomaterial substrates have been used by a number of groups, including our own, to investigate the role of substrate mechanics and chemistry in the formation of vascular networks, 3, 4 cancer progression, 22, 34 and the progression of atherosclerosis. 6, 29 A ROLE FOR MATRIX MECHANICS IN CELL-CELL COHESION
As described above, the current interest in the role of matrix mechanics in affecting cell behavior has gained significant interest in the past several years. 10 Pelham and Wang 23 were the first to describe a tunable, tractable method to control substrate mechanics using polyacrylamide polymers almost a decade and a half ago. Since the publication of this landmark paper, a number of investigators have adopted the use of polyacrylamide substrates as a model material to control the modulus of the substrates presented to cells. 10, 13, 18, 26, 33 The modulus of polyacrylamide substrates is tuned based on the ratio of acrylamide to bis-acrylamide. Substrates have been made as compliant as 50 Pa and as stiff as 100 kPa moduli which span a large range of physiological mechanical properties. Because polyacrylamide substrates are inert to cell adhesion, the polyacrylamide must be conjugated with cell-adhesive ligands to be amenable as a cell culture platform. 25 This provides an additional level of control over the environment presented to the cells, as the specific matrix protein type and density can be tailored.
Early experiments using mechanically tunable substrates demonstrated the effects of substrate modulus on migration, proliferation, and adhesion. Later studies have focused on the effects of disease-related tissue stiffening on cell behavior. In our own experiments, we have focused on the role of substrate mechanics and cell-generated traction stresses in tissue assembly and cell-cell cohesion. 3, 28 Early work using polyacryamide substrates spanning a wide range of moduli (200 Pa-30 kPa) demonstrated that the nature of cell-cell interactions changes with matrix stiffness. 28 Pairs of endothelial cells interacting on compliant substrates (E = 500 Pa) tend to remain in contact, while cells on stiffer substrates tend to separate and migrate away from each other. This was the first evidence that matrix stiffness may play a role in endothelial cell-cell cohesion, and it motivated later studies investigating the effects of stiffness on vascular network formation, described below.
The behavior observed in endothelial cells on compliant substrates 3, 28 does not appear to be limited to endothelial cells. Guo et al. reported that cells in neonatal cardiac tissue aggregates placed on compliant substrates tend to remain in the aggregate, whereas cells in tissue aggregates placed on stiffer substrates tend to migrate out from the aggregate. 15 Additionally, when seeded as sub-confluent cultures, fibroblasts on complaint substrates tend to aggregate into ''tissuelike'' aggregates, whereas cells on stiffer substrates tend to form monolayers. An analogous behavior occurs in mammary epithelial cells as well; cells on compliant substrates form distinct acinar structures, whereas cells on stiffer substrates display disrupted cell-cell contacts. 22 Taken together, these studies point to a role of substrate mechanics in mediating cell-cell adhesion.
ENDOTHELIAL CELL-SUBSTRATE INTERACTIONS IN ANGIOGENESIS
Angiogenesis is the formation of capillaries from pre-existing vascular networks. 6 Because of its role in wound healing and tumor formation, it has been widely studied by both the tissue engineering and cancer research communities. Most tissue engineering applications are hindered by the need for vasculature and a blood supply. Therefore, the ability to induce and control angiogenesis is a critical step in the engineering of most tissues. Likewise, during cancer progression, a blood supply is required for the growth of a tumor beyond just a few millimeters in diameter. 12 As such, the ability to control the formation of new vasculature could be a viable mechanism for controlling and limiting tumor growth.
Because of the widespread, avid study of angiogenesis, multiple in vitro and in vivo platforms exist to investigate the factors contributing to blood vessel formation and growth. Tubulogenesis and the formation of networks in vitro are common metrics of angiogenic ability. Given sufficient time to secrete their own extracellular matrix, most endothelial cell types will form tubules. However, when plated in collagen gels, 9 fibrin gels, 32, 35 or matrigel 19 scaffolds, the assembly of endothelial cells into new vasculature is greatly enhanced and can occur in approximately 24 h.
It is interesting to note that the matrices where tubulogenesis has been reported to occur, including matrigel, collagen and fibrin, are all very compliant compared to glass and tissue culture polystyrene. In all three matrices, the modulus of the material is dependent on the density or concentration of the material. At the concentrations typically used for angiogenesis assays, the modulus of these materials is on the order of hundreds of pascals, compared to the megapascal modulus of polystyrene where networks do not spontaneously form. Because tubulogenesis primarily occurs in compliant matrices, the question that my lab has sought to address is whether the mechanical properties of the extracellular matrix affect angiogenic network formation.
MATRIX MECHANICS IN ANGIOGENESIS
To date, the assembly of networks from endothelial cells in vitro has been primarily reported in relatively compliant matrices (E < 1000 Pa) like matrigel and collagen. In addition to be relatively compliant, these extracellular matrices also provide specific chemical cues through integrin-ligand binding in a 3D environment. To determine whether the modulus of the matrix contributes to cell-cell connectivity during network formation independently of the cues provided by the dimensionality and integrin-ligand binding provided by conventional matrices, we employed the mechanically tunable polyacrylamide substrate described above. 3 Thus, changes in matrix stiffness are de-coupled from changes in integrin-ligand density. Using this platform, substrates that ranged in modulus from E = 200 Pa to 10,000 Pa were fabricated and seeded with endothelial cells. This modulus range was chosen because it spans the moduli found for multiple soft tissues including normal mammary tissue and mammary tumor tissue. 22 On more compliant substrates (E < 1000 Pa), endothelial cells self-assembled into network structures; cells elongated to form network branches and stable cell-cell connections (Fig. 3) . In contrast, cells on stiffer substrates spread with no obvious preference to form cell-cell connections, and network formation did not occur; cells on stiff polyacrylamide substrates resembled cells on polystyrene dishes (Fig. 3) .
Time-lapse microscopy of endothelial cells on compliant substrates indicated that cells exhibited significant shape changes during network formation, elongating in the direction of adjacent cells to form networks (Fig. 4) . Additionally, this elongation and contact occurred over very long distances (>300 lm), where cells on opposite sides of a ring within a network extended protrusions toward each other. These protrusion events were followed by proliferation, elongation, and directed migration toward the opposing protrusion to ultimately form connections.
The mechanism by which cells sense other cells to connect remains unclear. Our prior work indicates that pairs of cells have the ability to mechanically communicate through compliant substrates. 28 Individual cells exert traction stresses that create strains in the substrate that are detected by an adjacent cell. In response to these strains, the cells migrate toward each other. It remains unclear if the mechanical communication observed for cell pairs also occurs in developing networks, and the exact intracellular signaling mechanism by which cell-created substrate strains are detected by adjacent cells has not been extensively studied yet. However, several other groups have investigated cell response to imposed strains and the mechanisms of mechanosensing. 7, 29, 36 When fibronectin-coated beads are bound to a cell and restrained using an optical trap, the cell-bead binding strength increases and focal adhesions grow. 7 Additionally, it has been shown that focal adhesion kinase (FAK) activity is required for the formation of focal adhesions and reorientation of cell movements due to strains imposed on the substrate through micropipette manipulation. 36 These data suggest that one mechanism by which cells mechanically sense each other is through the growth of focal adhesions, the reorganization of the cytoskeleton, and the subsequent reorientation of the cell.
It is well established that cells on more compliant matrices exhibit less spreading and are more weakly adhered to the substrate. 5, 38 Decreased cell-matrix adhesion on more compliant substrates may in fact support increased cell-cell adhesion due to a proposed balance between cell-cell and cell-matrix adhesion that optimizes the mechanical feedback to cells. If cells are unable to adhere well to a substrate, then cell-cell adhesion is enhanced to enable the cells to assemble their cytoskeleton and spread. This same hypothesis has been explored in the context of integrin and cadherin adhesion as a function of ligand density to show that cells are more likely to dissociate from an aggregate if the substrate is sufficiently adhesive or integrin expression is increased. 20, 24, 30 To further explore this hypothesis in the context of our network formation assay, we altered cell-substrate adhesion by decreasing the density of collagen type I conjugated to the polyacrylamide gels. 3 Interestingly, when the collagen density was decreased on stiffer substrates, endothelial cell-cell connectivity increased. While formal endothelial cell networks did not form, there was increased cell aggregation and cell-cell contact that was reminiscent of immature networks. These data suggest that cell-cell connectivity is governed in part by cell-matrix adhesion, and a balance between the two may exist.
While traction stresses and cell-substrate adhesion strength may contribute to the ability of cells to find each other on a compliant substrate, it is unclear which intracellular or extracellular factors determine whether cells remain in contact. Because fibronectin matrix synthesis has been reported to stabilize networks in vivo, we investigated fibronectin polymerization as a function of stiffness in our in vitro system. 3 Interestingly, fibronectin localized to the network structures. Moreover, we determined that the fibronectin fibrils were secreted from the cells and were not necessarily derived from the serum in the media. When fibronectin polymerization was inhibited, cells migrated toward each other, but networks did not form. These data indicate that while substrate mechanics may drive cells together, fibronectin polymerization stabilizes endothelial cell-cell connections. These data also present the interesting possibility that the nature of cellsubstrate adhesion mediated by matrix mechanics can alter how cells secrete and polymerize matrix proteins.
IMPLICATIONS OF TISSUE STIFFNESS IN ANGIOGENESIS: FUTURE DIRECTIONS
The need for viable vasculature remains a critical hurdle in most tissue engineering applications. While significant emphasis has been placed on the growth factors required to induce angiogenesis, more recent data suggest that matrix mechanics can drive the self-assembly of endothelial cell networks. 3, 6 These results emphasize the need to consider the mechanical properties of a biomaterial to elicit a particular cell response, namely infiltration of new capillary networks. The data described above suggest that more compliant matrices foster cell-cell adhesion and the assembly of networks better than stiffer matrices.
These data may also have ramifications for our understanding of angiogenesis in tumor formation. Vasculature within solid tumors is typically abnormal compared to vasculature in healthy tissue. It is often more tortuous and hyper-permeable, lacking structural integrity. 17 Therapeutically, there is growing interest in normalizing tumor vasculature to improve drug delivery into the tumor and fortify the barrier preventing metastatic cell escape into the vasculature. 16 Given that most solid tumors are stiffer than healthy tissue 8, 22 and matrix stiffness can lead to the disruption of cell-cell contacts, 3, 28 tumor stiffness may be one underlying causes of the tortuous, permeable structure of the tumor vasculature. We speculate that one approach to normalize tumor vasculature may be to disrupt matrix deposition and cross-linking in the tumor stroma, however, this is an area that requires additional investigation.
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